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PREFACE

This Document is the final report of the
researcn activities conducted in compliance
with the 0ffice of Naval Researcn Contract
Nonr-434{01), Task Order NR 094-179.

This task was entitled "Design Studies
for the Application of Brittle Materials to Gas
Turbines". The acove of the task was clarified
in subsequent corresvondence and disgcusaicns
which emphasized that the design studies {(and
test work as required)} should seek & sslution
to the problens assoclated with the attachment
of non-ductile material turbine bladee toc a duc-
tile rotor disk. The =situdies were based upon
dlmensional and operating data for a small
auxiliary gas turbine as approved by the 0ffice
of Naval Research.

We wish to acknowledge the cooperation
and assistance of the many industrial organiza-
tions and government agencies which have been so
heipful {in the conduct of this research.
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DESIGN STUDY FCR THE MECHANICAL ATTACHMENT

OF BRITTLE MATERTAL BLADES TO GAS TURBINE ROTORS

SUMMARY

A design s{udy was conducted resulting in the design
¢f a mechanical attachment for a brittle turbine blade to
& ductile rotor disk and an analytical determination of the
maximum effective gas temperature and service life of the
attachment in a specific application. Included are brief
analyses of the required assembly clearances to provide for
dissimilar thermal expansion rates, the effect of rotor rim
cooling on the attachment problem, and & detailed descrip-
tion of the methods used for the readers' reference. Tests
were conducted to determine a suiltable ductile material in-
sert and to qualitatively compare designs. Analysls of the
final design when applied tc a small auxiliary gas turbine
indicates that, witB an uncooled rotor, at an effective gas
temperature cf 1820°F. the attachment 1life is 100 hours and
blade life is 1000 hours. With a coocled rotor, at a tem-
perature of 1920° FP. the attachment 1ife exceeds 1000 hours
wnile the blade 1life is 10C hours.. Pigures are bascd ugon
calculated tenmperature distributions and upon avallable
stress-rupture data £or several cermet materiz2ls since no
high temperature 1ifc tests were conducted, It is concluded
that the attachment design is satisfactory for the applica-
tion and would permit increased turtinc cperating tempera-
tures insofar as the blade and attachment strangths are
concerned. Considerations which may 1limit the use of
brittie blades are noted as are the assumptions for and
limitations of the analyses presented.

INTRODUCTION

In the search for improved performance, the gas tur-
bine designer looks for solutiona to & zreat number of
problems. While they may disagree as to the relative im-
portance of the varlious problems and in thc best approach
to their solution, all wlll agree that substantisl increases
in power withcut sacrificing efficliency can be obtained by
increasing turblne operating temperatures. Present designs
are limited by the ability of the available highly-allcyed
materials to withstand higher temperatures. This is gen-
eraily true of 2il the hot parts in the engine such as com-
tustion chamber liners, nozzle box and vanes, turbine rotor
and blades, and the exhaust aystem.

PEVISED:



THE J. C. CARTER CO. PR
PASADENA COSTA MESA ) 101
CALIFORNIA RerFoRT NO 2 e

chah.

It 15 expected that solutions to the oxidation and
thermal shock problems involved will be found in metal-
lurgical advances, development of temperature resistant
coatings, and improved cooling methods, e¢tc. Research and
development toward the solution of these problems 1is pro-
greasing in each of these fields and shows considerable
promise. The problems of oxidation and thermal shock
resistance are common to ail of the above components and
are the major obstacles in the path to higher temperaturcs
for all of the components except the turbine rotor and bladcs
which are subjected to high stress as well as high temperaturc.

Rotcer disks are subjected to varying blaxlal stresses
due to centrifugal icads and temperature distributlon.
Elastic deformation and, in some cases, plastic flow of
the disk material results in reduced maximum stresses and
more uniform etress distridbution. Thus, duetility 1s
easential to thedesign of gas turbine rotor dislks and to
the efficlent use of disk materials. Therefore, as far
ac the turbine rotor 13 concerned, the lncrease of operating
temperatures depends largely upon the development of cooling
methods to limit the disk material terperature and/or the
development of new ductlle materlals capable of withstand-
inz higher temperatures.

Turbine blade cooling can reduce bvlade materlal tcom-
pereture substantially beclow the gas temperature. Con-
siderable progress has been made in developing cooling
methods and blade designs to accomplish thls and thus to
increase gas temperatures, In addition; new materials have
vecin developed which exhibit satisfactory oxidation and
thermal 8hock resistance for use 1n turbine blades at higher
temperatures. However, the ductlile materials lack suffi-
clent stress-rupture strength ror even small temperature
increases, and the materials which promise relatively large
temperaturce changes ai¢ primarily non-métallic and oresent
difficult design problems in thelr attachment to metallic
rotor disks. The attachment problems are due to the dis-
similar physical characteristics of the two materlials belng
Joined, such as coefficient of thermal exXpansion, and to
the fact that the rnon-metalllic materials are extremely
brittie.

The design studiles reported herein are directed at
the problem of achleving a satisfactory mechanical attach-
ment between a brittle turblne blade and a ductile rotor
disl:;, and an analytical determination of the maximum effective
gas temperature and service 1ife of this attachment design
in a specific application. Included in the study are brief
analyses of the required assembly clearances to provide for
A s3similar thermal cxpansion rates, the effect of rotor rim
covling on the attachment problem, and a detailed description
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of the methods used for the rcaders' reference., While it

18 recognized that brittle wmaterials lack impact resistance
and tnat this shortcoming could seriously reduce the pre-
dicted service life of brittie turbine blades, this problem
i8 considered to be associated with the selection of material
rather than the design of an attachment. Thereforc¢, no
consideration 1s given to impact resistance in this report.

It should be noted here that the resulfts of most of
the above research and development will make a valuable
contribution to the conservation of strategic materiais. The
scarce alloying elements are used primarily for improved
properties at elevated temperatures. The development of
tewgserature-resistant coatings, new cooling methods, and
cermet materials will undoubtedly permit the use of less
strategic alloys at present temperatures in many applica-

ions where temperature lincreases are either not desirable
or not feasible until satisfactory solutions to the remailn-
ing problems are found,

_THE PROBLEM

The primary load involved in attaching a blade to a
turbine dlek is tension caused by the centrifugal force of
tne rotating blade itself, The vending load resulting from
the gas forces is asmall relative to the centrifugal loads.
It can be counteracted by cffsetting the blade centroidal
axis from the radial line through the neutral axis of the
attachment by an amoun{ which equalizes the resulting
moment due to centrifugal load and the moment due to gas
load. Vibration is a serious problem if the natural fre-~
quency of the blade 18 less than six to eight times the
rotational speed of the rotor.

Tne design of a wechanical attachment for such a
blade involves one or more notches and a like number of
lands or load-bearing surfaces. The load 1s transferred
from the blade base to the rotor segment on the disk
periphery either by mating the shape of the contacting
surfaces 1n the two components or through a pin which
mates with notches in each of the bodiea. In either
case the area avallable to resist the tension load 1is
reduced adjacent to the load-bearing lands. The maximum
tensile streases occur at such points. 1In order to keep
bearing-land area to a minimum, blade attachmenta are run
with high bearing stresses. This demands that the bearing
contact surfaces mate nearly perfectly under lcad in order
to insure 2 uniform load distribution and prevent local
fallure,

For ductlle material blades these proulenis have been
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solved by using various modification of the "fir-tree"” or
"pine-tree" attachment. Due to the akility of the materlal

to deform and distribute load, a relatively emall load 18

toaken on eachone of the multiple load-bearing lands. The

lands and, therefore, the notches can be small, and rela-
tively large cross-sectional arecas are available to reasist

the tension load. Reasonable production tolerances can be
allowed in fabricating the attachment because of the material's
ability to deform and achleve a perfect fit undcr load.

Blades of a brifttle material, on the other hand, will
not ueform under load and aresubject to high stress concen-
trations in tension due to notches or changes in section
and 1n bearing due to lack of fit or surface conditlions
which result in line-contact or point-contact rather than
in a uniform lcad distribution over the bearing area. It
1s apparent that a satisfactory design for the attachment
of brittle material blades to a gas turbine disk nmust
minimize the concentration of stress in tenslion and incor-
porate some means of insuring uniform bearing load distribu-
tion. These are the two major problems to be solved,

In additicn tc the above requirements, a satisfactory
attachment design must not allow the hrittle material blade
base to Le subjected to large besring or crushing loads
which can result fromthe comtined effec® of rotor plastic
flow and the different rates of thermal expansion of the
twec materlials. Also, cogidzance must be taken of the fact
that the the thermal corductivity of the cermet materials
considered 1s greater than that of current blade alloys
and will permit more neat flow into the roter rim. A
satisfactory design for use with current rotor disk materials
must include provisions for limiting the temperature dis-
tritution in the disk 1f higher operating temperstures are
to be obtained. Vibration is not considered to be a serious
problem wlth brittle materlal blades since the natural fre-
quency of such a bladels in the order of twice the frequency
of itsmetal alloy counterpart.

PROCEDURE

The procedure followed in conducting the design study
was primarily an analytic one. Experimental vicrk in the
form of strength testing was used as a design tool only 1in
those instances where problems were intanglble and not amen-
able to analytic solution. The procedure is described in
the approximate order in which the study work was conducted.

A non-dimensional design chart was prepared showing
the effects of noteh~radlius and noivch-depth upon the stress
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concentration factor to be applied to the tensile stress in
the nieck of a notched member in tension. This chart makes
1t possible tc selcct the proportions of a blade base such
that the stress concentration factor will be minimum.

Comparative strength tests were conducted to determilne
a satisfactory means of obtaining a reasonably uniform load
distribution on a load-bearing surface. DBrittle material
specimens were loaded in a centrifugal test apparatus in
order to simulate actual load conditions.

Several attachment designs were analyzed and compared.
The deslpgns were consistant in that the rotor segment
strength was held constant as was the space envelope contain-
ing the blade base rad rotor segment. Comparative strength
tests were conducted to establish the merit of any design
having features which were expected to be improvements the
extent of which were not determlnable by analysis.

The design considered to be superior was selected and
subjected to a complete analyeis to determine the maximum
temperature va. life expectancy when used in a small auxiliary
gas turbine rotor, Temperature distributions were calculated
at several effective gas temperatures for both an uncooled
rotor and one with rim.-cooling fina. The avallable stress-
rupture data for several cernaet compositions and one cur-
rently-used disk alloy were used in determining the optimum
attachment configuration and the maximum temperature capa-
bility for several service 1life expectancies.

A rotor disk profile was desigtnied to incorporate the
necessary changes due to reduced blade loading and increased
temperature gradient. Several suggested designs for methods
of retaining the blades in the disk were prepared, and a
brief analysis was made to determine the assenbly clear-
ances required to insure that the blades would not be over-
constrained at any time during the operating cycle.

Stregs Concentration

The non-dimensional design chart of Figure 1 shows the
effect of notch-radius and notch-depth upon the concentration
of tensile stress in the blade base. The dimensional nomen-
clature 18 shown in Figure 2. The family of curves are
obtained from the data of references 1 and 2. The lvading
condition of the references is pure tension through the
notched area while a turbine blade attachment is loaded in
the notch with accompanying large bearing loads. The deter-
mination of the effect of notch-loading involves a test pro-
gram which is beyond the scope of this study. Consequently,
the bearing 1imit curve of Figure 1 18 taken from reference
3 which reports the results of such a test progran.
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Notch proportions above the limi% curve rccult in bearlag
fallures while those helow result in tension fallures.

The limit curve applies strictly to methyl metha-
crylate plastic specimens loaded in a universal testing
machine equipped with a polariscope to preclude eccentric
or variable loading. The curve 1s assumed to be a maximum
for brittle material turbine blade attachments for the
following recasons:

(1) The plastic material shows somewhat more
ductllity than ceramilcs or cermcts.

(2) Bearing loads will not be uniform in tur-
bine blade attachments due to the mass
distribution of the cambered airfoll.

(2) Load eccentricity betueen bearing lands
1s more posslible with turbine blades due
to favrication tolerances.

(4) Centrifugal loading resultz in bearing
iocads on the lands which are greater
than the tension ioad in the neck ¢f the
blade base due to the mass below the
fieck.

The curve as shown was used for design purposes since
iittle else is known about the characteristics of notch
loading and such factors as the ratic of vbearing stress to
tensile =tress of different materials and the inherent
variations of experimental data might favor the use of
somevwhat higher bearing load limitations. However, con-
sideration is giver to items (2), {3), and (&) above in
accounting for unexpected bearing fallures during test,
and in improving attachment designs which otherwise appesar
to warrant such development.

It 1s apparent from Figure 1 that the optimum pro-
portlons of a blade base for maximum load factor with
adequate bearing strength are approximately as follows:

r = 0.4 to 0.5
dﬁ = 0.55 to 0.70
rn = 2.3 to 2.7

These proportlions result 1n a maximum lioad factor of
approximately 0.462 which indicates that the blade neck
will carry 46 percent of the tensile loadthat the base
would carry without notches,
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It should be noted that an attachment configuration
with the maximum load factor is not necessarily the optimum
for a partlcular type of design since the optimum design re-
quirement 1is minimum blade neck stress at the total ceniri-
fugal load of both the blade and base while maintaining ade-
quate strength in the rotor rim segment. This 1s shown by
the equation for blade neck stress.

St, b Pb (1)
(dp/DpKr) Dpt

Where :p equals centrifugal load due to the biade and the
portion of the base above the neck. The base thickness (t)

is considered a constant throughout the study since 1t 1is
dctermined by the root chord of the blade. Since Py and Dy
are affected by several factors includi the parameters

which determine the load factor (dp/DpKe), it is evident

that a minimum stress may occur with other than a maximum

load factor. The section of this report entitled "Preliminary
Attachment Design Studies" deals more fully with this subject.

Preliminary Attachment Design Studies

In order to mske a preliminary comparison of several
different types of attachment designs, it isnecessary to
establish a standard set of operating conditions. The
conditions assumed are for the small auxiliary gas turbine
at 1ts design speed of 36,000 RPM. These are 55 blades per
wheel on a diameter at the root platform of 5.11 inches,
The centrifugal load at the blade root platform is 980

pounds based upon a cermet density of 0.21 pounds per cubic
inch.

Por each type of attachment the c¢ritical rotor rim
stress 1s held constant at approximately 36,000 p.s.1.
which is equivalent to the 100 hour stress-rupture strength
of Timken 16-25-6 alloy at 12700 F., This value is arbi-
trarily chosen as representative of a reasonable maximum
value for this material., Each attachment configuration
is varied until a minimum blade neck stress including stress
concentration factor is obtained. Comparisons are then made
on the basis of blade neck stress. The configuration having
the lowest stress 1s considered to be the best design.

The attachment types investligated are shown in Figure
2. Several other types were considered but not subjected
to preliminary analysie because of obvious lack of advantage
in comparison with those reported here. Con’entional and
modified fir-tree bases were rejected because of the
difficulty in obtaining generous radii and the extreme
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preclsion of fabrication required for uniferm loadlng
between bearing lands. Multiple round-plin type attach-
ments werc relected for the same reasons. All types which
require a split turbine dizk were rejected because of the
varlations in temperature, stress, and deformation between
the two disks during a normal opcrating cycle.

3ladc neck stress is calculated using Equation (1).
The load, Py, is ccmputed for each conflguration at the
design conditions using the followling eguatlion.

Pp = 980+ 36,730 @, Vo ¥ (1it) (2)
uhere

Qe

Ve

density of cermet (1lb/cu.in.)(0.21 for study)

1]

volume of cermet base above neck (cu. in.)
¥ = mean radlus to centroid or V. (in.)

The load factor, {(dy/DuKe), is taken from Filgure 1. The
maximun width, Dp, Is determined by, (1) the requirement
for 55 blades or, {2) the optimum blade base proportions
to give minimum stress. The thickness, t, 1s held con-
stant at 0.663 inch throughout the study.

Dovetall Attachment

The dovetall type of attachment is a simpl: mechanicsil
attachment which can be easily fabricated, incorporates
large radil, and involves no pins or auxilliary attachments
other than a2 means of retaining the blade in the disk. It
can be designed to attain the maximum load factor shown on
Pigure 1 (d oKe = 0.4062). 1In this optimum ccnfiguration
ine stress in the blade neck 18 approximately 21,700 p.s.i.
with a rotor segment stress of 36,000 p.s.i1. The shear
stresses acrcss the lands of both the blade base and the
rotor segment have adequate margins of safety, Sufficient
space 1s avallable to provide fer variations of the attach-
ment loads, stresses, and design detalls without compromising
the essential features of the design or seriously affecting
the size and weight of the rotor disk.

This attachment deslign when used in conjunction with
a thin, ductlle metal insert is judged to be superior to
the other types lnvestigated. It is subjected to a thorough
analysis later 1n this report in an attempt tc arrive at an
optimum attachment for a given application in terms of
operating temperature and service life.
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Pin-in-Longltudinal Shear Attachment

Round pin type attachments are attractive because they
are easy to fabricate and assemblce in mass production and
because the attaching pins may be made of a soft, ductile
material to distribute the bearing loads evenly acros8s the
lands of the cermet blade base. It 1s possible to obtain a
configwration with a8 maximumn load factor. However, the
accompanying total widtih, Dy, is very small and the corresp-
onding rupture strength is relatively low. The maximunm
strength configuration occurs with a notch radiusg to notch
depth ratio of approximately unity (r/h = 1.0). The minimum
blade neck Stress with a rotor segment stress of 35,000 p.s.i.
is approximately 206,00C p.=.1. The attaching pins are only
slightly larger than 1/32-inch in dlameter and muat carry a
shear stress of over 27,000 p.s.i. It is likely that a
ductile material insert would be reguired toc distrivute the
vearing locads since any material capable of this shear
stress at elevated temperatures would be quite hard., Shear
strength is assumed to be 704 of the tensile stress-rupture
strength for all materials since actual shear strength data
are not available.

Thiis attachment ic nct as strung as the dovetall, re-
quires more parts since both pins and ductile insertis are
needed for load distribution, and is very sensitive to
changes in design. That 18, the optimum proportions do not
remain the same as the ratio of blade neck width to rotor
segment wildth are varied in order to obtain the optimum
attachment for a given application. It is concluded that
the basic weakness of thils type 1s that both the bvlade base
and rotor segment must be reduced in strength in order to
provide space for the attaching pins. Two other attach-
ment types are the result of attempting to avoid this
weakness in the design of a pin-type attachment.

Pin-in-Secticnal Shear Attachment

This attachment design permits the tladc base width
tc be increased by transferring the load from the blades
to the rotor disk through leading-a:.i trailinge~edge flanges
rather tnan through rcitor segments. This configuration
allowe the blade base and attaching pins to occupy the entire
perimeter of the rotor disk. Assembly of the biades to the
wheel should be simple and the plns can be retained by
peening the ends 28 18 currently done with alloy blades.

Investigation of this design discloses that the major
provlem lg to provide sufficient shear strength in the pins,.
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In order to realizc the innerent advantages of this type of
attachment, the pin area must be kept reasonably small.

The high allowable shear stress requlired is furnished only
by alloy materials with high cobalt and/br nickel content.
Round pins are desirable to permit fabrication of the pin
retaining holes in the wheel rim by drilling and rcaming
rather than by broaching. However, round pins of sufficient
area reduce the blade base neck width and thus the load
factor below practical values. A high load factor near the
maximum can be obtalned by using non-circular pilns. A
design of this type is shcwn in Fisure 3. The blade neck
stress 18 approximately 21,000 p.s.l. and the pin shear
stress is approximately 39,000 p.s.i. It is apparent that
this attachment 1s much larger and deeper than the other
typcc and Incorporates a large odd-shaped pin with a small
edge distance to resist bearing loads at the rim of the
rotor disk.

Wihile the calculated stress conditions appear to be
superior, several considerations make the realization of
these conditions quite douttful, and further, if realized,
whecher the rclatively small stress advantage over the dove-
tall type would exceed the disadvantajzes. These considexra-
tions are listed below.

{1) The wheel rim flanges extend up to the
top of the blade platform and arc sub-
Jected to the full inlet ges tempera-
ture. The resulting wheel rim tempera-
tures will be higher.

(2) The edge distance in bearing is small,
and any increase will increase the op-
erating loads and reduce the load-resist-
ing areas. Combined with par.(l1) above,
this design might prove inadeqguate to
recalize the stress conaitions shown.

(3) The larger blade load andthe load from the
flanges at the wheel rim resvlt in rotor disk
loads which are greater than tor the other
types. Therefore, the rotor will be larger
and heavier.

(4) The retaining pins are operating atvery
high shear stresses even when thebest of
the super-alloys at reasonavly moderate
temperatures are considered. It is diffi-
cult to modify the design to reduce these
stresses without nmullifying the blade base
neck stress advantage.
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(5) One of thc pins contalns approximately
tne same amount of critical materizl as
an entire conventional blade for chis
turblne made ¢of the same alloy.

(6) The wheel rim attachment holes are very

difficult to fabricate, as are the pins
themgelves to a legsser extent.

Pin-in-Compression Attachment

This type of attachment allows the blade base and
the rotor segment to interlock with each other such that
the pln size does not 1imit the blade neck width as in
the pin-in-longlitudinal shear type. With round pins it is
not as easy to fabricate as the dovetall or pin-in-
iongitudinal shear types, but with non-circular pins 1t 1is
perhaps the simplest of all types. Since the pin is in
compression it can be made of relatively soft material and
require no additional ductile material insert to dis-
trioute the bearing loads.

Using round pins, somewhat lower stresses are
developed in the blade neck than with tne pin-in-longitu-
dinal shear attachment. The streays level 1is still in-
ferior to the dovetail configuration. However, with non-
circular pins, as shown in Figure 3, the maximum load
factor can be developed and the stress level 18 com-
parable to that of the dovetall type. It is slightly in-
ferior becauss the loads are greater due to the greater
depth of attachment required to furnish adequate sliear
area in the outer portion of the rotor segment since the
pin occup.es apace which 1s used to reslst shear load 1n
the dovetaildesign. This configuration is judged to be
2 close sccond to the dovetall since strength is about
equal and easgse of fabrication and assembly 1s about the
same except for the non-circular pins used with the inter-
locking design.,

In summary of the preliminary attachment design
studies, the evaluations of the various types of attachment
designs fall in the following order of superiority.

1 Dovetall

2) Pin-in-Compression (non-circular pin)

B Pin-ln-Sectional Shear (non-circuvlar pin)
Pin-in-Longitudinal Shear

5} Pin-~in-Compression (round pin)

G6) rin-in-Sectional Shear {rc :nd pin)
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As a result of this evaluation, the Dovetall attachment
is subJected to a cdetailed design analysis for varlious
operating conditions and using several representative
cermet blade materials in a later section of this report.

Test Apparatus and FProcedure

Tests are necessary to determine an effective means
of preventing attachment failure due to local concentra-
tions of bearing stresg on the blade base bearing lands
and to evaluate design modifications whose effects cannot
be determined satisfactorily by analysis. These objec-
tives can b¢ achieved by a test program based upon the
comparison of one design or technique with another in
order to select the better of the two, Just as well as,
by a more elaborate program which would yield absolute
values for each possibility. Absclute magnitudes are
analytically determined in this investigation, and check-
ing their validity requires full-acale englne testing.

It 18 required, however, that all aspects cf the test
program be conslstent to insure valid comparisons, be
capauvle of simulating the significant material properties
and loading conditlons, and be economical. Consequently,
& centrifugal test apparatus of simple design is used in
order to simulate actual turovine loading conditions. The
tests are conducted at room temperature since the cermets
under consideration are most brittle at low temperatures.,
The specimens are made of an inexpensive but very brittle
ceramic material. QGreat care 1s exercised to insure
conslstency between groups of specimens both in thelr
fabrication and in their testing.

Test Equipment

The test installation is shown in Figure 4 and
consists of a spin chamber with a vacuum-sealed remov-
able top enclicsed in a concrete and steel protective
barricade, an alr-turblne drive system, a vacuum system,
a mechanical hoisting system, and appropriate instrumen-
tation. The spin chamber consists of a 24 inch dilameter
8teel cylindrical shell 3/8 inch thick permanently sealed
at the bottom with a one inch steesl plate, and covered at
the top with a 1-1/2 inch steel plate which seals by dead
velght and external pressure agalnst a neoprene seal
mounted in a ring weided to the top of the shell. The
top includes two small plexiglas observation windows and
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mounting provisions for the lve system and clectronic
tcchometer components. Inside the spin chamber 45 wooden
blocks of special shape retained by steel rings at top
and bottom absorb the lmpact of fragments from the rup-
tured specimens.

The air turbine drive system consists of an air

turbine and bearing housing adapted from a Thompson FProducts
Turbine Puwap Assembly, an extension shaft z2nd bcaring hous-

ing which mounts to the spin chamber top, an a2mergency alr
brake system whicnh mounts to the top of the turbine, and a
muffler through which the turtine exhaust passes. The

air 1s supplied by the plant compressed air system through
2 small reservoir to a palr of contrel valves, one each
for turbvine ccntrol and bralke operation. The Thompson
turbine is a radial flow type wlth 26 nozzies, and is
designed for a nmuch greater power output tiian required

for this application. The plant air system 18 supplied

by a 5HP compressor and it was found after some experi-
mentation that with all but two of tihe turblne nozzles
pPlugged, the turblne output was adequate and yet the plant
alr supply was not exhausted. The mufller 1s neccssary to
reduce the noise level of the axhaust and the turbine
while in operation.

The vacuum system consists of a Kinney VSD-778
vacuum pump with oll separator and solenocid valve, a
vacuun control valve, and air-line filter to protect the
valve seats and pump f{rom damage by ceramic dust, a
vacuum release valve, and a vacuum gage. The vacuum
pump has a rated capaclty of 27 cubic feet per minute of
free alr and will pull a 10 micron Hg. vacuum in blank
tests. Howevay the working vacuum in this installation
is 29.5 inches of Hg. due primarily to air and water
vapor drawn from the wooden tlocks in the spin chamber.

The mechanical holst 3ystem consists of a specially-
designed three-legged sling which can he attsched by hooks
to elther the spin chamber or its top and is connected at
the upper end to a simple manila rope block and tackle
acrrangement and then to a heavy wooden frame.

The instrumentation consists of an air pressure
gage, a vacuum gage, and a Hewlltt-Packard Model 505(a)
Electronic Tachometer. The alr precsure gage and vacuum
gage are used only to determine the initial conditions
for starting a test run, whille the tachometer {furnishes
the test data to determine the relative strength of test
specimens.
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Test Specimens and Holders

The specimens subjected to test are shown ip
Figure 5. The Calibration and Standard speclmens arc
used to check the physical properties of the materlal,
the reproducibility of the test data and zqulpment, anc
the effect of test blade configuration on the apparent
strength of the specimens. Data from tests of these specil-
mens are alsc used to evaluate the relative merits of
varicus types of ductile muterlial inserts. The Dovetall
and Skewed Dovctaill specimens are used to determine the
effectas of the modifications incorporated in the skewed
base conficuration. This base is rotated 15 degrees wlth
respect to the turbine axis and also incorporates flat
attachment bearling lands which are tangent to the notch
radii and subtend an included angle of 060 degrees. The
effects of these changes are not readily determ.nable by
analysis. The reasons for believing these modiflcations
to be improvements are explained along witn the metheds
used to determine the extent of the changes in the section
of this report entitled "Modification of Dovetall Design'.

Specimens are fabricated cf feldspathic porcelain.
Fabrication begins witn a brass pattern of the specimen
made sufficiently oversize to allow for shrinkage.
Patterns are mace iin two pleces 80 that each blade pattern
can be attached to eacn of the four base patternms. This
precludes the necessity of duplicating the complex blade
pattern for eachbasc design.

Plaster of Paris molds are made from the patterns,
and a low-pressure casting technique is used to cast the
tlended feldspathic porcelain raw materials. All speci~
mens are fabricated from a single batch of blended
materials to insure consistent composition. The casting
18 dried in the meold for approximately 24 hours and alr-
dried for at least 48 hours after removal from the mold.
The specimens are then fired at Cone 12 for 24 hours.
Extreme care 1is exerclised to insure that the firing condi-
tions for each batch of specimens are essentially iden-
tical. This procedure results in very consistent dimen-
sions from specimen t» specimen with maximum differences
amounting to plus or minus .00% inch.

After firing, the specimens are inspected by X-ray
and by penetrant dye for lnternal and external defects.
Rejections average about 104 for all batches except the
early ones during which the castling technique was being
developed. After inspection, the specimen base is
ground to the final contour to an accuracy of plus or minus
.001 inch., The surface finlsh 1is very smootn. A silicon
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carblde grinding wheel, grade G or H, 30 or 120 srit, is
used. The work 1is flooded with coolant during the grind-
ing operation. Grinding fixturecs are surface ground
blocks with a hole to recelve the bladc wportion of the
specimen and three locating points for the root platform
surface. The specimen is inserted in the hole and lightly
clamped with the base portion extending out of the fixturc
and the hole is filled with molten sulphur which solldi-
fies to retain the specimen and then 1s melted to rclease
the specimen after grinding. The final operation 13 to
grind the tip of the blade to finish length using the

test nolder as a grinding fixture. PFlnal inspection 1in-
cludes welghing each specimen; all agree within plus or
minus 4% of the mean weight within a group of comparablc
Specimens.

Specimen nolders are made uslng standard machiin®
shop techniques. The attachment contour is formed using
a special end mill ground to shape using the same wheel
used to grind the speclimen base. This wheel 1s dressed
after each complete operation using a ten-times scaile
template and a diamond-point dressing tool. The helders
used in the initial tests are made of 24ST aluminum alloy
rolled plate and 3SAE 1018 cold rolled steel to determine
the effect of holder ductlility and hardness. Cold rolled
stecl holders are used 1in all subsequent tests to more
nearly approximate turbine materials. Counterweights
are made of the same material as the holders and are
dynamic duplicates of tne gspecimen-hclder combinations.

Test Procedure

In all except Run 1, one specimen and its corres-
ponding counterwelght are installed on the whceel as shown
in Figure 4(c). The specimen is held loosely in the
holder by a set-screw to prevent its falling out during
handling and initial acceleration of the test rig. In
most of thefuns a ductile material lnsert is placed
between the mating surfaces of the specimen and holder.
The assembled wneel is then checked for statlic balance.
The entire rotating assemnbly less specimen. holder, and
counterwelgl:t had previously been balanced statlically and
dynamically at all speeds up to 25,000 RPM.

The absolute pressure in the spin cnamber is redu-
ced to less than one 1nch of mercury, and the specimen
is rotated up to the soaking speed and held at that speed
for approximately one minute to insure thatthe speciman
does net move inthe holder and that the mating surfaces
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are contacting cach other properly. Rotation is stopped
and a visual inspection 1s made through the inspection
windows to clieck the above conditions. The speesd 1o
then increased as uniformly as possible until failure
occurs. The loading rates are very low ln terms of
psi/second. The specd of the test rig 1s controlled
manually, but the rate of speed increase 18 coordinated
wlth vocal check points from a2 stop-watch 1n corder to
keep the loading rate as consistent as possible. The
fallure speed 18 recorded and the specimen is removed
and examined to determine the location and type of failure.

Test Results

The test data 1s zglven in Table 1. Runs 1 through
7 represent the famillarization phase to get acguainted
with the equipment and the ceramic material. These speci-
mens are tine only ones furnished by the first supplier
who cancelled {urtner participation in this program due
to a change in the nature of his business. The first
tests indicate that holder ductility has a pronounced
effect upon the apparent strength of the speclmens. The
specimens tested in 24ST aluminum alloy holders average
47% greater strength at fracture than those tested in
cold rollied steel holders. The locatlon of the {first
fracture was in doubt during the first five runs because
of the large number of fractures evident after each test.
The nature of this fragmentasion of the specimens 1s
shown in Figure 6. Runs 6 and 7 include a special 243T
retalner assembly te furnish additional support to the
base but not the blade and to retain tine bazse fragments.
The specimen af'ter fracture 1s shown in Figurc 7. There
are three small fragments at the mating surfacc Just
above the arc-shaped neck fracture which indicate that
the initial failure is due to bearing stress at that point.
The 25% increase in fracture load corroborates this con-
clusion. The fracture of the blade at the root 1s pro-
bably explained by the phenomenon of double fracture in
tenslle testing cf brittle materials. An analysis by the
method glven in reference 4 indicates that a seccndary
fracture at the blade root 1s probable folilowing a primary
fracture at the base neck.

Selection of satisfactory Ductile Insert.

Runs 8 through 28 are intended %o determine a
satisfactory ductile insert and to determine the effect
of speclmen blade shape on the apparent strength of the
srecimens. Ductile materials considered for use as inscrts
are .005 and .010 inch solid copper sheet, .010 inch brass
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wire screen,.d0% in,clectrolytic copper plating, and
.00% inch nlcikel-plated, perforated copper 3creen. There
13 little diffcrence between the two zages of solid copper

sheet. The average ruptur: speed for all standard and call-

Lration specimens tested with these inserts 1s 10,170 RPH.

The average for the brass screen is 10,950 RPM. The coppor

plating does not adhere to the ceramic material and was
drovped from consideration after a single test. The
average rupture speed for all calibration and standard
specimens tested wiih perforated scrcen inserts is 11,000
RPM, The perforated screen has a neglipible strength
advantage over the woven brass screen but it has two other
advantages which result in its recommendation. It ic
easier tc form to thie shape of the attaciument contour and
its resistance to high temperature and to the oxidizing
atmosphere of gas turbine operation siould be decidedly
superior.

The calitration specimens with c¢irpcular blades
demonstrate only 87 greater streougtn than the standard
specimens with alsrfocll chaped blades. GHowever, ire air-
foil-shaped blades are not as difficult to fabricate as
had at first been anticipated and thus t. ere is no ad-
vantage to be galned by using the simpler, less represen-
tative circular blade. The remainder of the tests are
conducted using airfoil blade specimens and periorated
screen for inserts wlth one exception.

Dovetall vs. Skewed Dovetall Specimens

The obJective in medifying the dovetall base to
the skewed configuration with fiat bearing lands is to
reduce local bearing load concentrations by distributing
the bearing loadz more uniformly with a skewed baase and
by achieving better surface contact conditions with flat
bearing lands. The Lewls Laboratory of NACA has found
that skewing, the base increases the operating life of
cermet blades greatly in their full-scale engine tests.
Pratt and VWhitney Aircraft have recommended flat attach-~
meat surfaces as a result of their investigations in this
ficld.

Comparative test results taken from Table 1 indicate
that, for those specimens which failed 1n bearing, the
skewed base withstood 23% greater load. However, very few
of either type failed in bearing. Tenslon and bearing
fractures in the base neck, and tension fracture in the
blade roct fillet axre snown in Pigures J, 9, and 10. The

maejority of the dovetail specimens falled in tension across

the basc neck, whicn i3 the anticlpated type and location
of fracture, winlle the majority of the skewed dovetail
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specimens failed in the blade root fillet at an avcrage
load of cnly 33% of the majority of the dovetall type
and only 90% of the load sustained by those dovetall
specimens that also failed in the bladc root fillet. The
explanation for these results i1s not rcadily apparent,
and a thorough inspection is required of several of each
type of speclmen to determine t..e validlity of a direct
comparison of the test rcsults.

Inspection of the skewed dovetail specimens reveals
that the centroidal axis of the blade docs not lie in
the plane of the center-line between tie bearing lands
but is at an anglefrith 1t. Thils causes bending loads in
the blade and bhlade root fillet under centrifugal load.
The blade is canted so as to increase tihe tension load
on tinc concave side of the blade root fillet which msans
that the leadlng and tralling edge tension loads are 1n-
crcased. The leading edge overhangs the oot platform
in the skewed base deslgn, and the platfcim 1s quite thin
and unsupported in this region. In addition, the rocot
platform of the skewed dovetail specimen is 15% thinner
than that of the dovetall specimen as snovm by inspection.
It appears reasonable to assume that, in combination,
these factors could readily result in root fillet fallure
of the skewed dovetail specimens. 1t is presumed that
the misallignment of t:ie blade and bearing lands occurred
while grinding tne bearing lands due to not locating the
specimens in the fixture prcperly. It is further pre-
sumed that 1f tine skewed dovetall attachment were re-
designed to 1ncorporate a slightly thicker root platfecrm
and were fabricated to eliminate bending loads, it
would demecnstrate a similar superiority in overall
strength with respect to the dovetail attachment as it
currcntly does in regard to CLearing strength.

Additional points of interest resulting from this
sinulated test program are the consistency of the data
from succesalve tests of ldentical specimens in view of
the use of inexpensive ceramlc materlal and of a rela-
tively simple test rig, and the close relationship of the
attachment strength tgfhe blade root strength of the
dovetall design. One-guarter of these specimens falled
in the blade root at an average load only 1% less than those
that failed in the base neck.

Modification of Dovetall Design

The proportions cof tne dovetall base attachment are
based upon data from Figure 1 for the maximum load factor.
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Figurc 1 resulted from tensile tcats of rectangular
plastic apecimecns in a unlversal testing machine. A
polariscope was used to insurc uniform loading in the
entire nctch and bearing land region. Thesc ldeal con-
ditions result in tas bearing limit curve showing maxl-
mum load factors which are difficult to realize 1n an
attachment winich is loaded non-uniformly by an airfoil-
shaped blade.

An analysis of the dovetall base 1s made to det-
ermine what the lLoad distribution on each bearing land
1s and what modificatlons can be made timprove it. The
load distribution analysis 1s an approximate one since
it 18 based upon the summation of the loade developed
in radial c¢olumns without consideration of the pro-
portion of load that 18 transierred to adjacent columns,
This kind of approaximation results in load distributions
which are worsc tnan would actually occur.

The root platform 1s divided into a grid of
squares such that therc are 20 squares in the chordwise
direction and 11 squares nerpendicular thereto. This
grid is extended along the length of thc¢ blade such
that the cornersa ile in radlsal lines. The 8g eg thus
become rectangles of more unequal proportions from blade
root to tip. Large scale drawlings arc nade of scveral
crosa-scctions of the blade and oriented in true posi-
tion on the grid for the radlus at which the cross-
section 1s located. These drawings are superimposed
in adjacent pairs and the blade volume and centrifugal
load within each column is calculated. This process
is repeated for each pair of sections from tip to root
and tne individual load values are summed up to give
the total load at the root for each column. The total
of all the colwin loads is checked against the pre-
viously computed total blade load. T7The moment cf each
cclumn load avout the neutral axis of the attachment
bearing lands 1s calculated and the bearing land
reactlion loads are obtalned for each of the 20 rows
of columns 1n the chordwise direction.

The results of this analysis indicatc that rotat-
ing the base and vearing lands about ftne centroidal
axis of the blade should improve the load distiribution.
Conscquently, the bearing land load distributims uare
calculated for several angles of base rotation from
zero to twenty degrees. The load distribution for
fifteen degrees s considered to yleld the ubest overall
plcture and is used for the skewcd dovetiall bvase
conf'iguration., The calculated load distributions for
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no rotation and for 15 degrees rotation are shown in
Figure 11. The peak load intensity on the convex
side can be reduced by moving the blade on the base,
but this is not recommended since it would introducce
beneing loads intc the neck of the base.

The unit bearing stress on tne lands l1ls a
function of the area in contact and also depends upon
the abscnce of local surface condlclons which cause
concentrations., The former 15 determined by tnc pro-
portions of the basc and mnotch but the latter is de-
termined primarily by the accuracy with whilcn tne con-
tacting surfaces arc fabricated., The blade base
contour would undouttedly be ground angtino rotor
segment slots would be broached in productlion. The
accuracy and particularly the consistency durlng pro-
ductlion runs wilth each of these favbricating tccnniques
should be better for flat surfaces rather than curved.
It fo bellieved, therefore, that the lncorporaticn of
flat bearing lands infne design of the dovetail base
in conjunction with rotatinz the base should nake the
rcailzation of the maximum load factor shown 1in Pigure
1 quite probable. Consequently, flat bearing lands
subtending an angle of 00 degrees are incorporatced
In the design of the ckewed dovetall base.

Tests conducted to establish the superiority
of the skewed dovetall base with flat bearing lands
over the plain dovetail base arohot conclusive for the
reasons given in the sectlon ¢f this rcoort entitled
"Dovetall vs. Skewed Dovetall Specimens™.

Tenperature Distribution

Radlal temperaturce distributlons for several gas
temperatures and two rotor cooling conditions are
computed for the rotor disk and blades of the small
auxiilary zas turbline which is used as a refcrence
throughout this study. These data arc for usc in making
an analysls of the temperature-vs-scrvice l1life to be
c¢xpected from the dovetall base dtacihment., The calcu-
lations are based on a dovetall attachment wiltn a blade
neck width-to-rotor scgment neck width (dp/dp) ratio of
approximateily unity. The method of calculating the
tenmperature distributlons are adapted fromfeferences
©,C, and 7. Heat transfer ccefficicnts are obtained
using the method of reflerence 3 and gas property and
gas flow data suppllied by the turvbine menufacturecr.
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Toempsraturs dlstelbution curvss for thc turvinc
wieel without spcelal coollngy fing arce chovm in Flpurc
12 for cftrective mas tomperatures of 1300, 1200, and
1,009 F. Temperature distrlbution curves for the
wheel with cooling fins on the rim arc shown in Flgurc
13 for effcctive gas temperatures of 1300, 1u00, 1006,
and 2200° F. Effcctlive gas tempcraturces are uscd
sincc they arce involived 1ln the calculations. Inlct
zas temparatures are approximately 5% or 05%to 1100 F
nigher than the ~fective sas tomperatures shovm. R
cooling fino of adeguate strengti: are calculated to
lncrease Lae heat transfor cocfllclent from the dislke
to the cooling alr by a factor of 4 or from Qo = 30 to
Qo ®= 120, Tihce ceoling alr temperature is assumed to
bc stabilized at 200° F. in all cascs. The heat
transfcr cocfficient from the hot gas to the turbinc
blade is computed to be constant at a valuc of gg= 247
BTU per hour per square fool per degree rahrennclit.
Other sinplifying assumptions made to facllitavs cai-
culations arc:

=5 ¥

(1) Calculations are made on thc basis of
alviding the whecel into {'ive scctions
i1.c. btlade, vase above neck, vase
below nccik, robtor segment, and rotor
disk.

(2) cConstant mean values of the hcat flow
arca, perimeter, thermal conductivity,
and hcat transfcer coefficicnts are
used for eacnh sectlon.

(3) No temperaturc gradlents other than
radial are considered.

(4) Radlation effects are neglected.

(%) Cooling on both sides of thc turbine
rim and disk 13 assumed.

(C) The blade tip is insulated and the
as temperature is constant along the
blade span.

In order to determinc more accurately the tem-
peratures in the critical region of the attachment, a
two-dimensional distribution 1s calculated using the
reclaxation metnod of reference Q. A typical distribu-
tion 1is snown by the isothermal lines of Figure 14
fophn eflective gas temperature of 150009 F. without rim
cooling. The teumperatures used in the detall analysis
of the dovetall base attachment are obtained In this
manner.
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Cermet Materlal Data

Titanium cartide in conjunction withh metallilic
binders is the most advanced cermaict materlal for which
data adequate for design purposes is availble. This
basic material has been combined with many different
combinations of binders by two principal techniqucs,
f.c., pressing and sintering as dry mixed powders or
infiltrating the TiC matrixz with moltcn metal during
final sintering. Both methods have produced very
saticflactory materlials f{rom the high tempcrature
strength standpoint. 1In general, the high nickel
content materlals show the best overall combination of
properties. They combine hlgh tempcerature strength
with satisfactory oxidation resistance and thermal
shock resistance. However, they significantly lack
impact strengtn which is a universal shortcoming
of ail the brittle ceimet materials for which data
arc avallable.

Of the sBeveral remaining types of cermet materials,
the borides appear to show the greatest promisc.
Zirconium boride composltions show very good high
temperature strength and thermal shock resstance but
they start tc decompose in an oxidizing atmosphere
after 250 hours. Sufficlent data are not available to
evaluate the chromium boride compositions. However,
preliminary information indicates thaphigh temperaturc
strength equal tc o>ther cermets 1s posslible with
catisfactory oxidation and thermal shock resistance
and, most nopeful of =11,considerably more ductility.
iflore ductility indicates the possibllity of grcater
resistance to impact, the lack of whizh 1s the one
ma jor reason why the present cermet materials probably
will not find wide use in gas turbine blade applica-
tions.

The compositions of several representative cermet
materials are given in Table 2 to the extent that they
are avallable. Physical property data as obtained from
the manufacturers are furnisned in Table 3 for several
materials. Stress-rupture curves representing the best
avallable data for thez most promising materials are
gilven in Plgure 15, It ic readily apparent that the

tion as 13 avallable 1s sketchy and lnccmplete. It

1s also noted that comparison of materlal properties

ig difflcult because of the many different methods of
teating for 2 siven characterlstic which are employed
by the manufacturers of thege materials. Standardicza-
tion of test procedures would facllitate comparison and
gelection of these materials.

e
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Dotail Analysis of Dovetall Attachment

The dovetall attachment is subjocted to a more
dctailcd analysis tc determince 1ts maximum thceoretical
tcmperaturce vs. scrvice life perforxmance under the
daesign loac conditlons for the small auxiliary jsac
turbine. This analysis is carried out for each of the
three most promising cermet materials foyhhiich data
were avallable and also for cach of the twoe turbine
cooling conditions.

Most turbine blade stress-rupture fallures occur
in cne of threec places; in the blade iteclf, in the
tladc basc neck, or in the rotor segment neck. 1In
tnis analysic it 18 assumed that the blade dimen-
slons and proportions are established by turblne per-
formancc requirements and are held constant during tic
study. To¢ determine tne location and time of fallure
of the blade at any given gas temperature, it 1s
necessary to make a plot relating the operating stress
in the bvlade and the allowable stress for the material
at the local tempecrature corresponding Lo thc effective
gas temperature. Such a plot is shown in Figure 16 for
K 162-B material at an effective gas tempcrature of
15000 F, with rim-cooling {g, = 120). The operating
stress curve 18 calculated at a speed of 36,000 RPM and
uging the density of the material under consideration.
The allowavle stress curves for 10,100, and 1000 hours
arc taxen from stress rupture data for the cermet
material at the local temperature obtainced from the
tempcrature distribution curves. For the conditions
shown in Figuie 10, the blade will fail at a radius of
approximatelg 0.252 feet af'ter about 750 hours of opera-
tion at 1800° F. Cross-plots are made to determine
the time and location of failure with greater accuracy
and the resulting data are plotted as the time-vs-
temperature curve for blade fallure cof Figure 13 for

» = 120. This procedure is repeated for each material
and for both rotor cooling conditions and result in the
six blade failure curveg of Figures 13, 19, and 20.

Tre maximum strength ¢f the attachment will occur
when 1t is proportioned such that the blade base neck and
the rotor segment neclt are equal strongth. The optimum
ratio between the blade base neck and the rotor sog-
ment neck varies with the cperating temperature,
time-to-fallure, and the cermet material us:=d becauge
28 the difference in temperature gradloents and the varia-
tion in slope of Lue stress - rupture curves for the
different materials. The optimum raclo is determined
for eacn set of conditions (material and cooling) as shown
in Figure 17 for K162-BE material and rinm coolingz. It
indicates that for a 10 hour life an attachment with a
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D?/dr retio of 1.706 will have equal strength in the
bladé base and rotor rim and will wlthstand a max Llmumn
effective gas temperature of 220C- F. At grcater

dp ratios the rotor rim will fail and at lesscr
ratiods the blade base will fall., The same data arc
furnished for 1006 hour and 500 hour lifc and thc
optimum points are used to plot the temperature-vs.life
curves for attachment failure (in this casec with cooling
fins) shown on Flgurc 12. 3imilar plots are preparcd for
rach «fthe materlals and for both cooling conditicis
and result in the attachment faillure curves ol Flgures
13, 19, and 2C for optimum DyJd, ratio. Additiocnal
curves arc plotted for ‘d_rafios near the optimum
to indicate the sensitlvity of attachmnent strength to
small changes in Dyp/d, ratio.

The curves 1llustrated by Floure 17 are preparcd
using the following relationshlips.

For equal strength:

{1 1 s S
wRiopt. = @Ry (=) ( Fo) (3)
.Opt" - Y K —-\—- - —
o £y Sy Pp
For rim fallure:
§;ug ay tggrr R.) (8] -1 (4)
r . 55 ) {vn
For tlade basec fallure:
(Dp) = 1 (5)
(dp) Min. t221T Rrg dp ;(sb\ "
55 Dokt (Pp)
Vhere
Db = blade base width at bottom of notch
dy) =« blade base neck width
dr = rotor segment neckwldth
t = thickness of blade btase and rotor rim
Rp = radius from rotor axis to rotcr sepgment neck
dh = plade base load factor (.452 for optimupdovetail)
Dyiip
Sy = slress-rupture strength of cermet materlal in blade recl-
Sp = stress-rupturc strengthff Timken 15-25-0 material in
rotor scyment neck.
Py = deslgn operating load in bLlade vase neck
Pr = deslgn operating load in rctor segment ncok
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These relatlionships are derived from the stress
equationc at each critical point and the gcometrlc
rclationship that +d, = 277 R /55 vhere 55 blades
are used in the turvine wheel. Bata from the tempera-
turc distribution calculations in conjunction witn strese-
rupturc data from the three cermct materlals and for tne
disk alloy, Timken 16-25-5, are used to obtaln solutlions
to Equations (3), (4), and (5). The solutions arc pliotted
on curves sindlar to Figure 17, and tie cptlmum solutions
are 1n turn plotted to form tre temperaturc-vs-1life
curves of Figures lu, 19, and 20.

"Figurce 13 shows the theoretical maximum tempera-
turc-vs-14fe performance of tne dovetail attacnment and
X152-B materid when used in a small auxiliary zas
turvine. The maximum effective gas temperature fer 100
hour service life ls limited by the attachment without
cooling to 1520° P, With rim cooling 1t is limltcd by
the blade itsclf to 1360° P. A small amount of rim
cooling will apparently incrcase the attachment tem-
perature linmits to provide some margin over the blade limit

Pigure 19 shows the tempcrature-vas-1life perform-
ance of K151-B material under identical circunstances.
The maximum temperature for 100 hours is limited by the
attachment witnout cooling to 1320° F. Vith cooling
fins 1t 1s limited by the blade to 192090 F., It is
apparent that rim cooling fins permit a substantial
increase in temperature with this material,

Figure 20 shows the temperature-vs-iife perform-
ance of TC-06-1 material undcr the same conditions.
The maxlimm temperature for 100 hours without cooling 15
limited by the attachment to 1320° F. wvith cooling fins
it 1s limited by the blade to 1915° F.

It is readily apparent that there 1s 1ittle
difference as regards strength between the cermet mater-
1als Included in this analysis. Thls conclusion is
emphasized when the limited nature of tue stress-rupture
data 1is considered., Several extrapoiations of basic
data were required to complete the analysis and sin:ce
the accuracy of extrapolated physical property data is
questionable, this factor alone might well change the
ccmparison of these materials. However, it is also
apparent that the dovetall attachment when applied to a
small gas turbine using brittle vlade materlal will
r2rmit the use of higher gas temperatures witiiout cooling.
With rim cooling it appears probable that the attachment
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strengtin can be made to excecd the blade strenzth with
an additional incrcasc in operating temperaturc., These
lncreascs are more pronounced ror long scrvico-llIc
operation duc te the relatively flat stress-rupturc
characteristice of the cermet matcrials.

Addltional Conslderationy

In addition to the basic attachment problen
assoclated withthe application of brittle matcrials as
zas turvine blades, there arc several other problenms
or effects to be considered. Thc rotor disk 15 sub-
Jected to smaller centrifugal loads due to thc low den-
sity cof the cermet but receives morc hicat from tac
blades duc to increased thermal conductivity. As the
rovor rlm cxpands and contracts with temperature chanses
thc bladc bhases do not change at the samglatc due to
alffercnt coefficlents of thermal expansion. The
blades must bDe Installed with sufficlent clearance to
insure trat they do not fail as a result of overcon-
straint. Alloy blades are commonly retailned in the
rotor rim by ball-peening the ends of tue blade bascs
or tne rotor segments. This cannot be done wlth
brittle material blades because they will not peen and
they are esxtremely sensitive tc the atress concentra-
tions resulting from peening the rotor scgments.

A rotor d4disk profile 1s designed for the smalx
auxiliary gas turbine with cermet blades and subjectcd
to stress analysis with design loading at 1600° F. with-
out rim coocling, and at 1300° F, and 2200° P. with cool-
ing fins. The methods used are taken firom reference 0.
The profile and the stress conditions are shown 1n Pigure
21. Tne disk is thinner and lighter than 1ts counterpart
using alloy blades at an effective gas tenperature of
approximatceiy 14000 F. It is noted that plastic flow
of the rotor rim material occurs ounly with the 22000 F.
temperature.

A brief analysis of the thermal expansion problem
indicates that the blade bases will tighten in their
slots due to differential expansion, however, a minimum
clearance of .002 inch is sufficient to prevent over-
consiraint in the case of tne small auxliliary gas tur~
bine. The use of a ductile insert of approximately .005
inch thickness on each slde of the blade base should
help to elliminate overconstraint and crusning. The
progressive crushing effect resulting from plastic flow
of the rotor rim after cycling the cngine does not appear
to be a serlous problem in this casc due to the absence of
plastic flow at practical operating temperatures.
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A satlcfactory method of retalning the brittlc
material blades must be simplce bhut st not causc any
additional stiresses in the blade bas¢. Three sugigoetc
methods of retaining the blades are shown in Figure 22
The rivet type is simple and inexpensivc but carc is
required to prevent cracking the bases while driving
the rivets. The self-locking pin type 1o simpler yct,
and while itincreases the bearing land loads thls should
have a ncglligible effect. The snap-ring type is suggestod
to provide a quick method of removing and installirg; a
complete sct of blades. This may have advantages beeausd
of the fact that all blades may be destiroyed if onc
biade falls due to the lack of impact resistancc of thne
brittlec material. Many other methods of retalnirg the
blades cculd be suggested buthhese arc representativ:s of
the possibilictlcs and appecar o be satisfactory for nost
applications.

.1
(o3
.

CONCIXNSIONS AND RECOMMENDATIONS

1. Brittle material blades can vc satisfactorily
attached to ductile rotor disks. The problems of stress
concentration, distribution of attachment loads, dif-
ferential thermal expanslon, and retension can Le solved
by caretul design of the attachment configuration. in-
corporetion of a ductile insert, attention to fits and
tolerances, and selection of proper retalning mcthods.

2. Substantlial temperature increases are possible
in turbincs with cermet blades due to their excellent
hizh temperature strength and theilr low denaity. Some
cooling of the turbine 1s required to realize the full
potential, but the simplest means of cooling, i.e., fins
on the rotor rim, 1s adequate., Under such concitions
cermet blades can be operated for 100 hours or more at
inlct gas temperatures approximately 2000° F.

3. A dovetall type attachment is superior in
strengtih to others considered because of its icw stress
concentration factor due to large notch radius. It is
simple to fabricatg@nd assemble., A& wodification of the
dovetall attachment which includes rotating the base
15 degrces toward the convex side oif the blade and whiczh
incorporates flat bearing lands 1s theoretically supcrior
to the plaln dovetall. The tests conducted to establish
the relative merits ofAhese modifications were in con-
clusive. However, 1t is recommended that the skewed
dovetall attachment with flat bearing lands be given
aerlous conslderation as a superior declgn.
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I, Hlckel-plated, perforated copper screcn 1s a
thoroughly satiasfactory ductile inscrt for usc between
tiic olade basce and rotor scgment. Woven bLrass screen
and thin, copper shcet show gzood load distributlion
charactceristics in tests but are not as consistocntiy
supcrior ac are the perforated screen inscrts.

5. Coasliderable savings of criltical materlals
car be acnileved by usling cermet blades, since the
cermets are low in strategic material content, and the
nighly alloyced rotor disks can bc smaller and lightor,

~. Currently avallable data on ccrmets indicate
that their impact resistance is very pecor. Until
further metalurgical rescarch results in sizeable improve-
ments in this pronerty, 1t 1s unlikely that thicse matcr-
ials will find wide use¢ in gas turbinc blade applica-
tions. OSuch research 1s recommended in vicw of the
tremendous potential of these materials.

7. It 1s recommended that furthcr tests bc con-
ducted to determine the valldity of tne analyses con-
tained in this report with rcspect to maximum opecrating
temperatures and operating scrvice life. However, since
full scale engine tests are requircd, it is rccormended
that such tests only be undertaken if lack of impact
resistance is judged to be unimportant in the appiica-
tion under conslderation, or if a cermct material naving
adequate impact reslstance is available.
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TABLE - T80 Bila
IUN jFLC.(l) QUCTITE INSLRT SCOAK | FAILURL _.'LACTURM RISV 6]
NO. | NO. RPM. | RPM. TYPE | LOCATION 1 (SRS holdur unless
(ncted
Bl &3 NONE 2500 11,500 Bear. Neck 2L5T holder
2 &7 NONZ 5000 11,100 Beare Nuck 2407 holder
3 Sh None 5000 [11,60C  PBear. | Nock 2,57 holder
L C11 None 5000 | 9,600 [Bear. | Hcek (XS neldor
5 S None 5000 9,200 Bear. Neck Chl hcldor
VY S K Nona 5000 |12,700 {B:zar. Neck A48T holc..r & re-
tainer on roct
platform
8 C17 205 Cu Sheet 6000 {11,000 |[ear. | Neck CHS nolacr
g c18 005 Cu Sheet 6000 2,800 [Bear. | Neck X-hay relezt ®
10 Cly Nore: 6000 8,250 PBear. | Neck
11 C20 010 Cu Sheet 6000 9,300 f(fens. hoot ril.!-ractur: not
exy lainad
12 c21 C10 Cu Gheet 6000 8,250 PBear. | Neck YX-hay reject %
13 €22 012 Zu Sheet §00C 110,200  [pear. Neck
3V 52 010 Cu Sheet 6000 {10,000 PBear. | Neck lst airtoil Llad-
15 3 010 Cu Sheet 6000 £,250 PBear. | Neck A-icay refect®
16 ol 010 Wov.Screen {6000 11,200 pear. | Neck
17 S 010 Cu Sheet 6000 (10,200 PBear. | Neck large chip off
blade tij
18 56 005 Cu T'lating |6000 9,750 PBear. | Neck tlating not well
bonded ®
19 c2e 910 Wov.Screen |6000 11,500 PBear. | Neck
20 c29 010 Wov.Screen | 6000 9,700  Pndet. fbove Neck|Base chipped-
wnusual ‘racture®
21 £23 010 wov.Screen |600C 110,940  Bear. | Neck
22 310 €10 Wov.Screen (6000 {11,000 Eear. |Neck
23 59 010 Wov.3creen |6000 10,600 beare | Neck
2L S11 010 Wov.Screen |6000 |10,600 Bear. | Neck Small chip at blade
tip
25 513 035 Cu Sheet 6006 9,450 PBear. |Neek Chipped blade tiy
26 512 005 Cu Sheet 6000 8,2 ear. | Neck Low strengsth not
explained #
27 57 005 Ferf.Screen (€000 11,000 Pear. Neck Chip at base o
notch
28 s8 005 Perl.Screen |56000 9,600 Bear. |Neck Gas hok in neck #
29 JiTA 005 Perfl.3crecn 6000 115,200 [ens Neck ist Dovetail-
stopped twice
for inspection
30 D2 005 Perf.Screen {6000 15,500 [lens Neck Small gas hele in
neck
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TABLE 1 (Cont) - Test Data
RUN  sppe(l) [DUCTILL INSERT | SOAK JAILURL. b LACTUR: RO S
NO.  mO. RIM. lepM. R [ SOCATION ({748 helder unl-ss
(notd
3L 33T 005 Perf.Gereen| 6000 | 15,500 | Tens |Root -il.} Small heles in
neck
a2 D3 005 Perf.Screen] 750C | 12,300 | Bear. |Neck tilade tip not
ground <!'.
33 ols 005 Perf.Screeny 7500 3,200 indet . |Blade Failed at 2/2
plade span "
34 L7 005 Perf.3crecn| 6000 | 14,700 | Tens. |Neck Fract.gliphtly
spall .d
35 D12 305 Fer .Screen| 6000 115,400 | Tens. |Root.. 3 Flade tip not
ground ¢ .
36 Ulo QU5 terl.Screen| 6000 | 14,300 | Tens. |Neck
37 08 00¢ PorgeScreen) 6000 | 17,100 | Tens. |Neck Strongest creci-
men
38 Dl 005 Cu Sheet 6000 | Stopped |for sevére vibration-test rig repai-
red
384 D1 005 Cu Sheet 6000 | 16,400 | Tens. |Neck Tract. spalled
39 SD9 005 Pert.Sccreen] €0CC | 14,400 | Tens. |Root Fil st CKewed oOVe-
tail
40 SC5 " " " 6000 (13,500 | Bear |Reck fractur« spalla=d
Ll SL4 L 1t i i 14,202 | Tens. [foot ¥il, })Flatorm too thin-
L2 So8 " " " " 14,400 | " )Blade axis not
43 S510 nooon U 15,300 | " ) radial through
Ll splg l 1" " 1t ]..’;,500 1] T ) base ¢ nter
L5 Shé " 1 " " 14,300 | Bear [Neck rracture spalloed

* TRese runsjare nct representative ahd arenot! included in the 4nalysis of
{hese data.
(1)5@ecinen nymbers include thf type of specimgn 1.c. Sor Calfbration

for Standard

for Dovqtail

for SkeWed Lovetail

Ccowmo
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wedulus of Liasti- ity =7xIC* toxlie A= die™
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I'nermal iXxp ng'un SuD& Iy eOX1 Tex1
(1n/1n/°rx1b to 1220 “'F) o T1)
Trernal CthLCthLt" & 17 1C.0

ptu/ir){s. 5L (OF per ft.)

F’Oxida*ion Feslastan

re 7 . o 7 o 1.3 :
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# Ther~wal Shock Geod Goed Geod Geod
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Figure 2.- Notatlon of blade base and rotor rin serment dimensions,
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Figure 4(a) - Test Installation, showing 1. to r.: p
barricads, test cnamber, holst cguipment,vacuum gage,
air tanik and gage, control valves, tecnometer, vacuum

valves, filter, and pump.

R i,

Figure 4(b) - Test Chamber Interior, showing: vacuum seal, wooden
safety blocks, block retaining rings, and portion

of barricade,
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Calibration Itéﬁéard

Dovetail w;th pverf.screen Skewed Dovetall (perf.
insert (rejected spec.) soveern lnsert’
Figure 5 - Test gpzcimens

and holders
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Figure 6 - Specimen after test
showing reassembled

major fragments and
iocation of fractures,

Pigure 7 - Specimen base retalned
after Run 7 showing
initial faillure in bearing
ust below neck of base
eon ieft).
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Plan View

End View
Pigure 8 - Typlcal tension fracture iln neck of dase, dov.tatl
: specimen {approx § X size)
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Plan View

End View

Figure § - Typical bearing fracture in neck of base, dovetail
specimen (approx. 9 x size),
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Rivet Retainer Self-locking Pin Retainer

Figure 22 - Suggested blade retaining
methods,

Double Snap-Ring Retalner
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